Abstract In this study Moderate Resolution Imaging Spectroradiometer (MODIS) Aqua retrievals of aerosol optical thickness (AOT) at 555 nm are compared to Sun photometer measurements from Svalbard for a period of 9 years. For the 642 daily coincident measurements that were obtained, MODIS AOT generally varies within the predicted uncertainty of the retrieval over ocean (ΔAOT = ±0.03 ± 0.05 · AOT). The results from the remote sensing have been used to examine the accuracy in estimates of aerosol optical properties in the Arctic, generated by global climate models and from in situ measurements at the Zeppelin station, Svalbard. AOT simulated with the Norwegian Earth System Model/Community Atmosphere Model version 4 Oslo global climate model does not reproduce the observed seasonal variability of the Arctic aerosol. The model overestimates clear-sky AOT by nearly a factor of 2 for the background summer season, while tending to underestimate the values in the spring season. Furthermore, large differences in all-sky AOT of up to 1 order of magnitude are found for the Coupled Model Intercomparison Project phase 5 model ensemble for the spring and summer seasons. Large differences between satellite/ground-based remote sensing of AOT and AOT estimated from dry and humidified scattering coefficients are found for the subarctic marine boundary layer in summer.
Introduction
Due to the ice-albedo feedback the Arctic region is estimated to be particularly sensitive to global warming [Arctic Climate Impact Assessment, 2005] . The warming is expected to result from a combination of increased greenhouse gas concentrations and positive feedbacks involving sea ice, snow, water vapor, and clouds [Stroeve et al., 2012] . The sea ice retreat has continued for more than a decade and shows no sign of stagnation. The ice melting during summer of 2012 was even more pronounced than the previous record year 2007 . Zhang et al. [2012] estimate the 2012 Arctic summer sea ice volume to be approximately 40% lower than the 2007-2011 mean. Snow on the surrounding land areas is also melting earlier in spring. Global climate models (GCMs) have for many years predicted a decline in Arctic perennial sea ice; nevertheless, none of the simulations capture the very fast ice retreat that has been observed [Stroeve et al., 2007] . Even so, Stroeve et al. [2012] have shown that for the ensemble mean, simulated trends with the latest generation of GCMs are more consistent with observations over the satellite era .
the NorESM predecessor atmospheric model CAM-Oslo (based on CAM3) was forced using sea ice concentrations consistent with present-day conditions for the Arctic region and projections of sea ice extent for the year 2100. The simulated sea-salt aerosol emissions increased in response to a decrease in sea ice. The increase in emissions in turn leads to an increase in the natural aerosol optical thickness (AOT) of approximately 23% [Struthers et al., 2011] . However, biases in Arctic atmospheric circulation in CAM3 have previously been reported [e.g., Hurrell et al., 2006; Hack et al., 2006; Deweaver and Bitz, 2006] , which may influence the meridional transport of aerosols into the Arctic region. Therefore, it is important to validate the simulation of the Arctic aerosol from regional and global climate models against observations. Sea-salt aerosol is the dominant primary aerosol source over open oceans [Lewis and Schwartz, 2004] . Previous studies performed at Barrow, Alaska, [Quinn et al., 2002] and the Zeppelin mountain station, Svalbard, [Weinbruch et al., 2012] as well as in the Norwegian Arctic [Pacyna and Ottar, 1985] suggest that sea salt contributes considerably to the Arctic aerosol. In addition, Quinn et al. [2002] found that the concentration of supermicron sea-salt aerosol peaks in summer at Barrow (11 m above the mean sea level) due to the seasonal decrease in sea ice extent. At this station, sea salt together with particulate sulfate was found to control light scattering in summer. In addition, significant fractions of the total mass concentrations measured in summer at the Zeppelin mountain station (474 m above mean sea level (asl)) correspond to sea salt-related ions [Zieger et al., 2010] . However, previous studies have found relatively strong vertical gradients in sea-salt aerosol concentrations in the lower troposphere [Clarke et al., 1996; Gong et al., 1997; Glantz et al., 2004; Reid et al., 2006; Textor et al., 2006; Lundgren et al., 2013] . There are a number of ways in which the vertical transport of sea-salt particles can be reduced or even eliminatedone of which is boundary layer decoupling [Nicholls, 1984; Bretherton et al., 1995; Johnson et al., 2000; Osborne et al., 2000; Wood et al., 2000] . Relatively strong vertical gradients have also been observed and modeled for coarse mode (>1 μm radius) aerosols, and modeled for submicron aerosols, in otherwise well-mixed marine boundary layers (MBLs) without thermodynamic evidence of decoupling [Glantz et al., 2004] .
Observations of aerosol microphysical properties as well as sulfur dioxide and carbon monoxide at the Zeppelin station can be used to provide an indication of changes in air mass transport in the Arctic region [see Engvall et al., 2008] . In that study of the years 2000-2005 it was concluded that changes in source strength and transport of air masses are important for the annual variations of aerosol properties in the Arctic. However, these factors could not fully explain the observed rapid changes from spring to summer. It was suggested that important factors for new particle formation during the Arctic summer period are higher insolation, hence higher levels of OH, combined with a decreased condensation sink, caused by more efficient precipitation scavenging of preexisting aerosol surface area [Engvall et al., 2008] . Observations of aerosol size distribution both at the Zeppelin station and Barrow, Alaska, show that accumulation mode particles dominate the aerosol distribution during winter and spring while Aitken mode particles dominate in summer [Bodhaine et al., 1981; Bodhaine, 1989; Quinn et al., 2002; Ström et al., 2003; Engvall et al., 2008] . Furthermore, measurements of scattering coefficients of dehydrated aerosol particles performed with a nephelometer at the two Arctic stations consequently revealed very low values in summer (less than 2 M m À1 ) [Quinn et al., 2002; Tomasi et al., 2007] . Note that this occurs at the same time as the relative humidity (RH) is high (70-90%) in the lower summer troposphere [Treffeisen et al., 2007a; Zieger et al., 2010] . This means that the ambient aerosol scattering coefficients in the Arctic summer are substantially higher (by a factor of 3.2 at RH = 85% [Zieger et al., 2010] ) than the dry in situ scattering coefficients.
Based on continuous aerosol optical observations from the Koldewey station in Ny-Ålesund, Svalbard, a clear annual variation is apparent in tropospheric ambient AOT over the period 1991 to 1999 [Herber et al., 2002] . The stratospheric contribution of AOT was obtained from the Stratospheric Aerosol Gas Experiment (SAGE II) [Russell and McCormick, 1989; Kent et al., 1994] . A transition from higher AOTs during spring to low summer values occurred over a short period between May and June. Furthermore, Toledano [2012] have found substantially higher monthly summertime mean AOTs at Svalbard for the period 2002-2010 compared to the 1990s [Herber et al., 2002] . However, Toledano [2012] did not aim to describe a local background situation. In fact, during the time period under consideration, the Arctic was highly influenced in July 2004 by aerosols from boreal fires in Canada [Stohl et al., 2006] and from the Kasatochi and Sarychev volcanic eruptions, which were starting in August 2008 [Hoffmann et al., 2010] and July 2009 [Tomasi et al., 2012] , respectively. Aerosol Robotic Network (AERONET) [Holben et al., 1998 ] observations in Europe. The AOT values were found to vary within the expected uncertainty range of the MODIS retrieval over land. The predicted uncertainty ranges of the satellite retrievals are lower over the ocean [Remer et al., 2005] , where the surface reflection is substantially lower than for land surfaces. Estimates of AOT are not available with the MODIS algorithm directly over snow and ice, since the surface reflection is high. Methods to retrieve AOT from satellite data over snow and ice have only recently been developed [Istomina et al., 2011; Mei et al., 2013a Mei et al., , 2013b . Although promising results were obtained from these studies, AOT data are available only for limited time periods and with high bias. Consequently, it is not yet possible to perform spaceborne investigations of polar AOT over bright surfaces at a quantitative level.
In the present study 9 years of MODIS observations are combined with ground-based long-term Sun photometer measurements and climate model simulations to examine the accuracy in estimates of aerosol optical properties (i.e., AOT and scattering coefficient) in the Arctic marine atmosphere. In addition, aerosol remote sensing is combined with dry and wet nephelometer in situ measurements at the Zeppelin station, Svalbard. The following questions are addressed: 
. MODIS Nadir View Over Ocean
In the present study, we use the MODIS Aqua Collection 5 level 2 standard products for best quality retrievals (quality flag = 3) over ocean surfaces. Data were taken from the NASA Goddard Space Flight Center's Atmosphere Archive and Distribution System (http://ladsweb.nascom.nasa.gov). A detailed description of the MODIS ocean algorithm can be found in Remer et al. [2005] . After the water vapor, ozone and carbon dioxide corrections have been applied the next step in the algorithm is to organize the reflectance at six wavelengths into 10 km 2 boxes of 20 × 20 pixels at 500 m horizontal resolution. The ocean algorithm requires that all 400 pixels in the box are identified as ocean pixels. If any land is encountered the entire box is handled by the land algorithm. The cloud screening is performed individually for the 400 pixels [Gao et al., 2002; Martins et al., 2002] . Pixels that remain in a 10 km 2 box after cloud screening are sorted according to their 858 nm brightness. The darkest and brightest 25% of the pixels are discarded, thereby leaving 50% of the cloud-free data for the retrieval. AOT is retrieved if at least 10 of the 400 pixels in the original box remain after masking and filtering.
The MODIS ocean retrieval gives AOT at 555 nm with an estimated error of ΔAOT = ±0.03 ± 0.05 · AOT [Remer et al., 2005] . We use MODIS AOTs at wavelengths λ1 = 555 nm and λ2 = 858 nm to calculate the Ångström exponent [Ångström, 1964] α:
Since MODIS retrievals of AOT is not available directly over Svalbard, a larger area (75°N-82°N, 10°W-40°E) has been introduced in the averaging of the aerosol optical properties. If the satellite mean AOT values obtained can be considered as representative for the measurement stations at Svalbard, which requires homogeneous aerosol conditions, this approach improves the availability of AOT observations in the region and complements ground-based Sun photometer measurements. However, due to the polar nights the passive MODIS sensor and Sun photometers (section 2.1.2) used here only produce data during about half of the year. In the present study, one satellite scene per day is included in the analysis for the days with cloud-free conditions over the investigation area during the analysis period (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) .
Figures 1a and 1b show satellite scenes of MODIS AOT at the wavelength 555 nm over the Greenland Sea and the Barents Sea for 7 July 2005 and 2 May 2006, respectively. Aerosols were rather homogenously distributed during summer background condition (Figure 1a ), while larger spatial variation occurred when the investigation area (white box) was influenced by continental aerosols from midlatitudes in spring (Figure 1b) . In May 2006, agricultural fires in Eastern Europe resulted in record high pollution levels (e.g.,~0.6 in AOT at 442 nm) in the Arctic region [e.g., Stohl et al., 2007; Myhre et al., 2007; Treffeisen et al., 2007b] . Note that problems with cloud screening (i.e. spots of increased AOT in Figure 1a ) occur in the transition area, between cloud and aerosol fields. To exclude these cloud-contaminated pixels, we excluded all pixels with AOT > 0. 2003-2004 and 2005-2011, respectively . Information about the CIMEL Sun photometers operated at these sites can be found at http://aeronet.gsfc.nasa.gov. AERONET data used for this study include AOT at 500 nm as well as the Ångström exponent α (440/675 nm). These values were recorded every 15 min and automatically cloud screened [Smirnov et al., 2000] . AERONET-derived estimates of spectral AOT are expected to be accurate within ±0.01 for wavelengths larger than 440 nm [e.g., Holben et al., 1998 ].
Since 1991 AOT measurements are also performed at Koldewey station (78.9°N, 11.9°E, 20 m asl), Ny-Ålesund, by the Alfred Wegener Institute (AWI), Potsdam, Germany. The AOT is measured during daylight conditions with a Sun photometer of type SP1A (Dr. Schulz and Partner GmbH, Buckow, Germany, http://www.drschulz.com/). Due to low aerosol loading in the polar regionaccuracy requirements for AOT measurements are more stringent than those performed in other regions (see the recommendation of the Polar Aerosol Optical Depth Measurement (POLAR-AOD) intercomparison campaign [Mazzola et al., 2012] ). Ny-Ålesund is part of the Polar Aerosol Optical Mazzola et al., 2012; Tomasi et al., 2007 Tomasi et al., , 2012 . AWI-AOD data used for the present study include AOT at 501 nm as well as the Ångström exponent α (501/610 nm).
The locations of the ground-based Sun photometer stations Longyearbyen, Hornsund, and Ny Ålesund are shown in Figure 1 . For the days when the Sun photometers were in operation mode during the current investigation period (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) all quality assured data values from AERONET and AWI-AOD network are included in the present study. 2.1.3. Aerosol Data From Stratospheric Aerosol and Gas Experiment III and Odin-Osiris Total column AOT from Sun photometer measurements can be converted to tropospheric AOT if the aerosol loading in the stratosphere is known. This information is provided, i.e., by the Stratospheric Aerosol and Gas Experiment III (SAGE III) [Thomason et al., 2010] and the Optical Spectrograph and Infrared Imaging System (OSIRIS) [Murtagh et al., 2002] instruments. SAGE III is a solar occultation instrument that was launched in December 2001 aboard the Russian METEOR 3M spacecraft. Data were acquired from February 2002 until March 2006. An ensemble of line-of-sight transmission profiles in the wavelength range from the ultraviolet to the infrared is used to produce vertical profiles of aerosol extinction coefficients at nine wavelengths [Stratospheric Aerosol and Gas Experiment III Algorithm Theoretical Basis Document, 2002; Thomason et al., 2010] . Thomason et al. [2010] find aerosol extinction data at 520 and 755 nm to be accurate to 10% throughout the lower stratosphere. An approximate stratospheric AOT is obtained here by integrating the aerosol extinction coefficient in the height range from 12 to 40 km. We use stratospheric AOT at 520 and 755 nm for zonal means between 43°N and 80°N and use these values to calculate the α SAGE according to equation (1).
The limb-scanning OSIRIS instrument aboard the Swedish satellite Odin was designed to measure the vertical profile of atmospheric limb radiance spectra at wavelengths from 274 nm to 810 nm. The satellite was launched into a Sun-synchronous polar orbit on 20 February 2001 and continues in full operation to the present date. Hence, OSIRIS provides a time series that now spans over more than a decade of observations. The OSIRIS stratospheric aerosol retrieval was developed by Bourassa et al. [2007 Bourassa et al. [ , 2008 . The OSIRIS version 5 data product includes vertical profiles of the approximate stratospheric aerosol extinction coefficient at 750 nm [Bourassa et al., 2012a] . As for SAGE III, approximate stratospheric AOT is determined by integrating the aerosol extinction coefficient between 12 and 40 km height. We use zonal mean AOTs at 750 nm for the latitude range from 75°N to 85°N. The α SAGE was applied to OSIRIS data to estimate AOT at 555 nm for the period 2003 to 2011. For further details on OSIRIS and Odin, see Llewellyn et al. [2004] and Murtagh et al. [2002] , respectively.
In Situ Nephelometer and Differential Mobility Particle Sizer Measurements
In situ data from Zeppelin station (78.9°N, 11.9°E, 474 m asl) include the aerosol scattering coefficient and the aerosol size distribution. A nephelometer (TSI Inc., Model 3563) is used to measure the scattering coefficient at the wavelengths of 450, 550, and 700 nm under dry conditions with RH < 20% [Ström et al., 2003] . The nephelometer measures within scattering angles from 7°to 170°, and values for the complete scattering range from 0°to 180°were retrieved by the truncation error correction proposed by Anderson and Ogren [1998] . Dry scattering coefficients are transformed to ambient conditions using a median fit parameter of γ = 0.57 for the parameterization of the scattering enhancement factor f(RH) = (1 À RH) Àγ according to Zieger et al. [2010] . Coincident observations with a Particle Soot Absorption Photometer showed that the contribution of absorption to the ambient extinction coefficient at Zeppelin is negligible. The aerosol size distribution is measured using a Differential Mobility Particle Sizer (DMPS), which scans in size bins from 10 to 794 nm diameter. ATSI 3010 Condensation Particle Counter is used for successive counting. The time resolution of the in situ parameters analyzed here is 1 h. The location of the Zeppelin station is shown in Figure 1 .
NorESM1-M/CAM4-Oslo Global Climate Model
The CMIP5 version of NorESM, NorESM1-M [Bentsen et al., 2013; Iversen et al., 2013] , is to a large extent based on the Community Climate System Model (CCSM4.0) [Gent et al., 2011; Meehl et al., 2012] . The sea ice and land models (Community Ice Code version 4 and Community Land Model version 4, respectively) are the same as in CCSM4.0, with the exception for a slightly different tuning of snow grain size for fresh snow on sea ice and a different treatment of deposition of aerosols on snow and sea ice (coming from CAM4-Oslo instead of prescribed fields) when the model is run fully coupled. The atmosphere module CAM4-Oslo was constructed by coupling the CAM4 general circulation model [Neale et al., 2010 ] to a detailed module for aerosol life-cycling and aerosol cloud interactions, described in detail by Kirkevåg et al. [2013] . Furthermore, NorESM1-M uses the Miami Isopycnic Coordinate Ocean Model (instead of Parallel Ocean Program 2 of CCSM4.0). For this study, however, NorESM1-M was configured with CAM4-Oslo coupled to the land model and data sea ice and ocean module (an Atmospheric Model Intercomparison Project (AMIP)-type simulation with prescribed sea surface temperatures (SSTs)), using the finite volume dynamical core for transport calculations, with horizontal resolution 1.9°(latitude) × 2.5°(longitude) and a hybrid η vertical coordinate with 26 levels, as in the original CAM4 model. The model was run for the 3 years 2006-2008 with monthly prescribed observed SSTs (but without nudging), using initial boundary conditions from the end of a 1979-2005 AMIP simulation. With such a long spin-up, all three simulated years were used in the analysis. The SST and ice fraction data are from The Hadley Centre Global Sea Ice and sea surface temperature data set (1°× 1°horizontal resolution).
The CAM4-Oslo aerosol scheme includes prognostic aerosols (sulfate particulate organic carbon (including methane sulphonic acid (MSA)), black carbon, sea salt, and mineral dust) and gaseous aerosol precursors (DMS and SO 2 ) yielding sulfate (SO 4 ). The parameterizations of sea-salt emissions and aerosol processes used in the model are described by Kirkevåg et al. [2013] . Lookup tables for aerosol optics in the model use ambient RH and a range of process specific aerosol concentrations as input parameters. The tables are thoroughly described in Seland et al. [2008] and Kirkevåg and Iversen [2002] . The all-sky AOT was simulated at 550 nm for the current investigation area using Intergovernmental Panel on Climate Change Fifth Assessment Report (IPCC AR5) RCP8.5 aerosol emissions for the years 2006-2008 [Lamarque et al., 2010] , see also http://cmippcmdi.llnl.gov/cmip5/forcing.html. Note that emissions from eruptive volcanoes are not included in the emission inventories that were used here. For more details about the CAM4-Oslo specific natural emissions, see Kirkevåg et al. [2013] . See Iversen et al. [2013] for aerosol optical thickness, column burdens, and climate response results for the respective fully coupled NorESM1 simulation. The clear-sky AOT is estimated as all-sky optical depth weighted with the clear-sky fraction, based on total cloud cover in the model. This clear-sky definition gives larger weight to conditions for which a passive remote sensing of AOT can be made. For further details on the CAM4-Oslo model see Kirkevåg et al. [2013] .
Results and Discussion

Daily Median AOT for the Years 2003-2010
Figure 2 shows MODIS median column AOT at the wavelength 555 nm, calculated for the area given in Figure 1 and Sun photometer measurements of median AOT (daily) from AERONET (Longyearbyen/ Hornsund) as well as AWI-AOD (Ny-Ålesund), for the years 2003-2011. The Ångström power law (equation (1)) was used to convert AERONET and AWI-AOD 500 nm AOT to the wavelength of 555 nm for which AOT is retrieved with MODIS. The number of median values is substantially higher for MODIS than for the Sun photometer retrievals due to the strong effect of clouds on the ground-based measurements. Figure 2 reveals on the whole higher AOT in late winter/spring compared to summer. This suggests that the aerosol loading in the Arctic is occasionally enhanced by continental aerosols from midlatitudes (Arctic haze events [e.g., Treffeisen et al., 2007b; Engvall et al., 2008] ). However, marine aerosols for which the production is driven by surface wind speed [e.g., Nilsson et al., 2001; Glantz et al., 2004; Pierce and Adams, 2006; Mulcay et al., 2008; Glantz et al., 2009; Smirnov et al., 2012] probably also contributed significantly to the observed AOTs. The latter assumption is supported by relatively high surface wind speeds of up to 10 m s À1 for spring, obtained from European Centre for Medium-Range Weather Forecasts (ECMWFs) reanalysis data for the area around Svalbard (not shown). Note as well that submicron sea-salt particles have a relatively long turnover time [Gong et al., 1997; Nilsson et al., 2001] . This is supported by Quinn et al. [2002] , who found that the submicron sea-salt particle mass concentrations peaked in winter and early spring at Barrow, Alaska, presumably due to long-range transport from the northern Pacific Ocean. For cloud-free conditions during spring in the period 1991 -1999 , Herber et al. [2002 estimated that the Svalbard area was influenced by Arctic haze events up to 40% of the time.
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The summer season was on the whole characterized by low AOTs that coincides with surface wind speeds of around 5.5 m s À1 (ECMWF). Note that long-range transport of aerosols in the free troposphere from biomass burning and volcanic eruptions sporadically influenced the AOT in the Svalbard region in summer, during some of the years considered in this study (denoted with grey areas in Figure 2 ). The most pronounced events were Canadian biomass-burning aerosol during July 2004 [Stohl et al., 2006] (Hoffmann et al. [2010] and Tomasi et al. [2012] , respectively). Figure 3 shows the seasonal variation of MODIS median column AOT at 555 nm for the period 2003-2011. With the exception of the summer season, each value has been averaged over all aerosol pixels within a satellite scene (one per day for the days that aerosol data exist) inside the area shown in Figure 1 . Each value thus corresponds to 1 day of the year, averaged over the 9 years included in the present study. The summer values are assumed to represent background conditions. To obtain these values, the influences from events of forest fires and volcanic eruptions in summer, as described in the previous section, have been excluded in the calculation of median AOT. Figure 3 shows that relatively large variability in AOT occurs in spring (typical Arctic haze season), while low median values and corresponding relatively low standard deviations are found in summer and early fall (see also Table 1 ). This can probably be explained by a decrease in surface wind speed in summer (ECMWF, section 3.1) and consequently a decrease in emission of marine aerosols from the ocean [Nilsson et al., 2001] . The Arctic is also more isolated from midlatitudinal aerosol sources during the summer season due to location of the polar front at around 70°N in summer [Iversen and Joranger, 1985] . Furthermore, Serreze and Barrett [2008] have investigated counts of closed surface low pressure centers in the Arctic over the period 1958-2005. They found that cyclonic activity in 
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Norwegian Sea and Barents Sea is much less prominent in summer than in winter. Lower activity in summer in the Svalbard region is also reflected, e.g., in the mean day-to-day absolute change in measured surface pressure in NyÅlesund [Maturilli et al., 2013] . However, higher wet removal of accumulation mode particles in summer compared to spring probably also plays a role for the seasonal variation in AOT [Garrett et al., 2011] . The red solid line shown in Figure 3 denotes CAM4-Oslo global climate model simulation of clear-sky mean AOT for the present investigation area (Figure 1) . The model results are discussed in section 3.6.
Stratospheric AOT
To estimate satellite and groundbased tropospheric AOT, aerosol extinction coefficients in the stratosphere have been retrieved based on SAGE III (520/755 nm) and OSIRIS (750 nm) observations (section 2.1.3). Time series of approximate daily mean stratospheric AOT, based on integration of the aerosol extinction coefficient from SAGE III and OSIRIS, are shown in Figure 4 
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that this trend is mainly driven by a series of moderate but increasingly intense volcanic eruptions that occur primarily at tropical latitudes. These events caused sulfur to be injected directly to altitudes between 18 and 20 km. The aerosol particles that later formed were slowly lofted into the middle stratosphere by the Brewer-Dobson circulation and transported to higher latitudes. Figure 5a . Mean values of the Sun photometer measurements have been calculated for comparison with MODIS for days when AOT was retrieved at both the ground-based stations on Svalbard. Otherwise AOT from one of the ground-based stations has been used in the comparison. For these 642 cases the average times (in hours and minutes) and corresponding standard deviations of the observations are 9 31 ± 2 15 UTC, 10 42 ± 2 17 UTC, and 11 51 ± 3 31 UTC for MODIS, AERONET, and AWI-AOD, respectively. The dashed lines shown in Figure 5a represent predicted uncertainties of the MODIS retrievals, i.e., the confidence interval of the MODIS results. The normalized root-mean-square deviation (NRMSD) of 40% was determined for collocated satellite and ground-based daily averaged AOT values (642 in number) according to the procedure described by Mishchenko et al. [2010] . In addition, 75% of the satellite values are within the predicted uncertainties of the MODIS retrievals. However, Figure 5a shows that many of the MODIS AOT values are higher than the upper expected uncertainty range of the retrievals. This deviation mainly originates from the heterogeneous aerosol conditions during spring (April and May), as can be seen in Figure 1b , which influences the averaging of the MODIS values, in regard to the relatively large area selected in this study. The time differences between MODIS and AERONET/AWI-AOD observations probably also influence the comparison. For the spring season, 62% of the MODIS values are within the predicted uncertainty of the retrieval, while it is as high as 82% for the months June to beginning of September. In addition, Figures 5b and 5c show relative frequency histograms of MODIS AOT and cumulative distribution curves of MODIS and AEROENET/AWI-AOD AOT, subdivided according to season, of the results in Figure 5a . The difference in median AOT of the cumulative distribution between satellite and ground-based remote sensing is larger for the spring season than for the months June to the beginning of September. When the AERONET and AWI-AOD median AOT values are compared, for 197 days when AOT was retrieved at both ground-based stations during the current 9 year period, a smaller difference between spring and summer is obtained than for MODIS. For spring, cumulative median and standard deviation values of 0.073 ± 0.029 and 0.075 ± 0.032 are obtained for the AERONET and AWI-AOD stations, respectively. For summer no difference in median values is found: 0.051 (±0.025) for AERONET and 0.051 (±0.019) for AWI-AOD. In addition, a NRMSD value of 37% is obtained between the results from AERONET and AWI-AOD for the 197 days when AOT was retrieved at both ground-based stations.
In Table 1 we present MODIS median values for all aerosol pixels in the area shown in Figure 1 for each season and over the 9 year period we have investigated. One satellite scene per day is included for all days for which aerosol data exist. The Sun photometer median values have been obtained in the same way, although for all values produced with respect to the temporal resolution of the measurements. Table 1 shows that for the years 2003-2011, larger differences between MODIS and Sun photometer median 
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tropospheric AOTs are found for spring than for July-September. Note that a significant difference in median tropospheric AOT is also obtained between Sun photometer measurements at Hornsund/Longyearbyen and Ny-Ålesund for spring. Heterogeneous and homogeneous aerosol conditions in spring and summer/ autumn, respectively, were also found based on ground-based Sun photometer observations at Ny-Ålesund, Svalbard, in the study by Stock et al. [2014] . Furthermore, the tropospheric AOT values in the Table 1 were derived from the total AOT by subtracting the approximate stratospheric AOT from OSIRIS (section 3.3) and by excluding periods associated with influences from biomass-burning and volcanic aerosols (section 3.1), with the exception for the Nabro eruption (13.37°N, 41.70°E), Eritrea, starting at 13 June 2011. Although the latter event highly influenced stratospheric aerosol extinction from about 22 June (Figure 4 ), relatively modest effects on column AOT are found (Figure 2i ). This is explained by deep convection during the monsoon period, which resulted in efficient injection of volcanic sulfur dioxide to the stratosphere before the converted sulfate aerosol were transported toward the Arctic region [Bourassa et al., 2012b] . The tropospheric AOTs corresponding to this period were then included in the present study by subtracting the approximate stratospheric AOT. Table 1 shows that tropospheric median AOTs from satellite and ground-based measurements are comparable to each other for June and the summer season (July and August), and a relatively small difference in AOT is also found for September. The larger differences found for spring are, thus, partly explained by a spatially inhomogeneous aerosol distribution (Figure 1b) . The data coverage for the different platforms for the time period 2003-2011 reveals that MODIS median AOTs are based on substantially better time coverage than the individual ground-based Sun photometer measurements. In addition, the daily data coverage of the 
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observations (AOTs retrieved at least from one of the three platforms in a day), carried out during/over the present investigation period and area, is 80%, 86%, 69%, and 34% for April/May, June, July/August, and September, respectively. For the months July-September the data coverage represents background conditions, since days with influences from biomass burning in 2004 and volcanic aerosols in 2008 and 2009 have been excluded (section 3.1). Table 2 shows satellite and ground-based tropospheric mean AOT at 555 nm and corresponding standard deviation for the period 2003-2011, compared to tropospheric mean AOT at 533 nm that were obtained at Ny-Ålesund, Svalbard, during the period 1991-1999 [Herber et al., 2002] . The averaging of the present AOT according to season has been carried out in the same way as the results of median AOT in Table 1 (see  section 3 .4). The table reveals a similar seasonal variation, with substantially higher AOT in spring than in summer, when comparing the two approximate decades. The relatively low difference in AOT between present satellite and ground-based retrievals, as well as compared to AOT obtained in the 1990s for July and August, suggests a relatively small spatial variation in the background tropospheric aerosol load during the Arctic summer.
Comparison of Tropospheric AOT Between the Periods 1991-1999 and 2003-2011
Evaluation of Global Climate Model Simulations of AOT
To investigate whether or not the observed column AOT in the Arctic can be simulated with global climate models we have analyzed results obtained with NorESM1-M/CAM4-Oslo (section 2.3). Figure 3 shows somewhat lower CAM4-Oslo AOT for the spring season. This is likely caused by underestimated meridional transport due to underrepresentation of extratropical blocking in the Eurasian-Atlantic sector. As indicated by Iversen and Joranger [1985] and more firmly documented by Iversen [1989] , blocking and high-amplitude planetary waves over Eurasia and the North Atlantic during winter and early spring are closely related to the occurrence of increased levels of particulate sulfate at ground level in Svalbard. Since blocking occurrence was diagnosed to be underrepresented in NorESM by Iversen et al. [2013] , the winter-spring Arctic haze can be expected to be underestimated. Note that similar errors are found for several models that contribute to CMIP5 [e.g., Dunn-Sigouin and Son, 2013; Masato et al., 2013] . Recent investigations indicate that coarse atmospheric model resolution may cause underrepresentation of Euro-Atlantic blocking [Jung et al., 2011; Dawson et al., 2012] as well as storm track activity [Zappa et al., 2013] . Errors in SSTs also cause misrepresentation of blocking [Scaife et al., 2011] , which was confirmed for NorESM when the AMIP-runs (based on observed SST) were compared with the fully coupled runs [Iversen et al., 2013] . Nevertheless, the AOT results from CAM4-Oslo shown in Figure 3 for the spring season are within the range of AOT values that were obtained based on observations from the three remote sensing platforms (Table 2) . However, the AOT simulated is approximately a factor 2 higher than the MODIS and Sun photometer values for the summer season. The reason for the summer overestimate is less clear than the winter-spring underestimate. One candidate is the vertical transport in deep convective clouds which is likely to be too efficient in the model [Kirkevåg et al., 2013; Samset et al., 2013] . Hence, with the current setup (e.g., with respect to aerosol and precursor emissions, horizontal and vertical model resolution), the model does not reproduce the seasonal variability of the Arctic aerosol, at least not with the observed amplitude. Figure 6 shows the CAM4-Oslo model simulation of AOT in the Svalbard region, subdivided into the five chemical aerosol components represented in the model, with the exception of water from hygroscopic growth (usually not regarded as a separate aerosol constituent). The water uptake is, however, taken into account in the calculation of AOT for each of the other aerosol components. Note that sea salt-related AOT shows a strong seasonal variationmost likely due to its strong connection to surface wind speed, somewhat modulated by its dependence on RH and hygroscopic growth. For particulate organic carbon, both of natural and anthropogenic origins, we find an opposite seasonal variation in AOT. The figure shows that black carbon and particularly dust aerosols of continental origins contribute to AOT also in summer. Furthermore, Figures 7a-7e show the CAM4-Oslo model simulation of vertical profiles of aerosol extinction coefficients in the Svalbard region, for each of the five chemical aerosol components. The figure shows that much of the aerosol extinction related to particulate organic carbon, sulfate, black carbon, and dust aerosols is taking place in the upper free troposphere, which means that long-range transport of aerosols seems to take place in the model also during the summer season. As indicated above this transport is likely exaggerated by the model due to overestimated vertical transport of aerosols and aerosol precursors in deep convective clouds at lower latitudes [Kirkevåg et al., 2013] , subsequently leading to overestimated free tropospheric transport of particulate organic carbon, sulfate, black carbon, and dust aerosols to the Arctic region. An influence from distant sources is also suggested from investigations of spatial fields of aerosol concentrations in the model (not shown). For particulate organic carbon, the maximum concentration occurs in late summer and it appears that the aerosols have been transported from lower latitudes, although it is difficult from these analyses (of monthly averaged concentrations) to determine the major source regions. However, for the period 2006-2008 (corresponding to the current simulation period) and investigation area there is no sign of a presence of elevated layers with high extinctions associated with mineral dust or biomass-burning aerosols over the Svalbard area in summer [Di Pierro et al., 2013] . The observations of seasonal mean aerosol extinction profiles have been performed with the CALIPSO lidar. Elevated layers with lower aerosol extinctions in the Arctic can however be difficult to interpret for the summer season due to elevated detection levels and general lower aerosol concentrations [Di Pierro et al., 2013] .
The clear seasonal variation in CAM4-Oslo sea salt-related AOT shown in Figure 6 is caused by high wind dependency in the sea spray emissions [Struthers et al., 2011] . This wind dependence is also valid for the emission of primary marine particularly organic carbon in the model [Kirkevåg et al., 2013] , and a seasonal variation in AOT also related to this component could be expected. However, the analysis of the model's production of marine secondary organic aerosols reveals enhanced contributions of MSA in the ocean surface layer in summer. Both the maximum in organic aerosol extinction in the lower troposphere (Figure 7b ) and the maximum in AOT for June ( Figure 6 ) are probably caused by this effect. Therefore, the overestimation in AOT with nearly a factor of 2 during the summer season may also be influenced by uncertainties in the modeling of marine organic aerosols.
Based on simulations and a limited number of observations and remote sensing data, Kirkevåg et al. [2013] suggest that annually averaged AOT is probably overestimated in remote regions at high latitudes in CAM4-Oslo. Note that model-derived annually averaged AOTs at high latitudes in the Southern Hemisphere (70°S-90°S) in that study are somewhat lower than the present AOT observed in summer over the Svalbard area. The modelsimulated annually averaged AOT is substantially lower in the Southern Hemisphere than in the Northern Hemisphere, in line with satellite observations [Kirkevåg et al., 2013] . Figure 7a shows that relatively strong vertical gradients in sea salt-related extinction coefficients are simulated in the lower troposphere, particularly for the months July-September. This may partly be attributed to the large vertical gradients in ambient RH in the lower troposphere, especially in June-August, see Figure 7f . The RH and hygroscopic effect also contributes to the relatively strong gradients in extinction coefficients for particulate organic carbon and sulfate in Figures 7b and 7c . In addition to the influence of hygroscopic growth for all of these components (but not for mineral dust and black carbon), the large extinctions for particulate organic carbon in the lower atmosphere, especially in June (see also the corresponding AOT in Figure 6 ), may partly be due to too large contributions from MSA for this particular month in the model.
A broader view of the representation of Arctic AOT (for the Svalbard region investigated) in global climate models is provided in Figure 8 , which shows average seasonal cycles of all-sky AOT (1980 AOT ( -2004 derived from the CMIP5 model ensemble [Taylor et al., 2012] . The presented subset of CMIP5 models includes only those that have delivered the all-sky AOT for the historical experiment, i.e., an experiment for fully coupled climate models where all known forcings are applied. Information on individual models can be found at http://cmip-pcmdi.llnl.gov/cmip5. Figure 8 reveals large differences between the CMIP5-models and actually a disparity in AOT as large as 1 order of magnitude between some of the models. In addition, several of the CMIP5 models display a weak seasonal variation in AOT, while a reverse seasonal variation, Figure 7f shows the model-simulated ambient relative humidity (RH).
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compared to MODIS and groundbased AOT, occurs for several of the models. The overall performance of the models in terms of AOT is poor when compared to the remote sensed data discussed above.
Comparison Between Tropospheric AOT and Aerosol Scattering Coefficients
In this section we compare observations of the present ambient AOT with current long-term in situ measurements of dry and wet aerosol scattering coefficients at the Zeppelin mountain station. The scattering coefficient is a valid representation of aerosol extinction, at least for the summer season, since the contribution of absorbing aerosols at Svalbard is negligible [Zieger et al., 2010] . The aim is to investigate how representative these in situ measurements are for the Arctic region. Figure 9 gives a detailed view of the optical and microphysical properties of aerosol particles at the Zeppelin station for 2008. Daily mean DMPS measurements of the dry particle number size distribution measured at the Zeppelin station reveal that spring is dominated by accumulation mode aerosols, while significantly smaller particles are present in summer. This was also found by Ström et al. [2003] . A similar conclusion can be drawn from the spatial average of the Ångström exponent (α), derived from the MODIS and Sun photometer observations in the Svalbard region. Figure 9b shows on the whole higher values in summer than in spring. Note that the column α values in late summer of 2008 were influenced by stratospheric aerosol from the Kasatochi volcanic eruption (grey area), which inhibits a comparison of the column α with the ground-based in situ measurements for these days.
Furthermore, Figure 9c shows daily mean RH as well as dry and humidified scattering coefficients at 550 nm obtained for the same seasons of 2008. The ambient scattering coefficients have been derived from dry nephelometer scattering coefficients with respect to RH measured at the Zeppelin station. For the latter parameters, a difference of approximately 1 order of magnitude is found between spring and summer. Events occurring when the station was within clouds (RH > 95%) were excluded in this estimate. An almost equally large difference in dry scattering coefficient between spring and summer has been measured at Barrow, Alaska, during the period 1997-2005 [Tomasi et al., 2007] . In contrast, the seasonal difference in tropospheric mean AOT shown in Table 2 is only about a factor of 2, while it is approximately a factor of 3 for the year 2008 (Figure 2f) . A conservative assumption of a mean summertime boundary layer height of 2 km together with vertically homogenous aerosol condition leads to a mean AOT of 0.0022 (±0.0016)-based on the mean extinction value of 1.1 (±0.8 M m
À1
) measured with the dry nephelometer (RH < 95%) at the Zeppelin station. Such results are consistent with the findings by Quinn et al. [2002] at Barrow, Alaska. Thus, the small particles measured with the dry nephelometer in the lower troposphere in summer are inefficient scatterers of light. This is in line with the fact that the mass scattering efficiency at λ = 550 nm is close to zero for spherical particles smaller than 100 nm in diameter [e.g., Seinfeld and Pandis, 1998 ]. Furthermore, a mean humidified scattering coefficient of 3.68 (±3.76) M m À1 is obtained from the results in Figure 9c for July and August 2008. This leads to a mean scattering enhancement factor of 3.3 (±4.2).
In the study by Zieger et al. [2010] , where a humidified nephelometer was used, a mean scattering enhancement factor of 3.24 ± 0.63 at RH = 85% and λ = 550 nm, was measured at the Zeppelin station for the period 15 July to 13 October 2008. In addition, the calculated enhancement factor using measured size distribution and assuming a chemistry of ammonium sulfate was found to agree well with the measured enhancement factor [Zieger et al., 2010] . We assume that 50% of the mean tropospheric AOT for summer 2008 is due to aerosols below the altitude of 2 km. Table 3 shows that this results in a mean AOT value of 0.014 (31% daily data coverage) for AWI-AOD at Ny-Ålesund (based on the results shown in Figures 2f and 4) . For AERONET and MODIS mean AOT values of 0.017 (31% daily data coverage) and 0.022 (63% daily data coverage), respectively, are obtained for the same period ( Table 3 ). Note that the simulation of aerosol extinction coefficients corresponding to marine aerosols in CAM4-Oslo support that a majority of the aerosol particles are present in the lower troposphere (see section 3.6 and Figure 7 ). This means that the mean AOT values of 0.0022 and 0.0075, obtained from dry and humidified scattering coefficients in summer 2008, are at most only 15% and 54%, respectively, of the ambient mean AOT values from remote sensing ( Table 3 ). The relatively large difference found between remote sensing and in situ humidified measurements may be explained, at least partly, by structure in the vertical distribution of the hygroscopic sea-salt aerosol [Swietlicki et al., 2008] . This is further discussed in the following paragraphs.
RH values near 100% in summer suggest that the Zeppelin station is frequently located within clouds. For a further investigation we analyzed daily noon soundings, launched at Ny-Ålesund, with respect to the vertical structure of the lower troposphere. A total of 51 soundings were performed in July and August 2008. Figure 10 shows three typical atmospheric states at the Zeppelin station, in terms of vertical profiles of potential temperature and RH. The station is located within a well-mixed layer when the temperature inversion is present above the height of Zeppelin station. This occurred for 33% of the considered cases. An inversion below the height level of the Zeppelin station indicates that the latter was disconnected from surface influences. This occurred in 28% of the cases. If a RH above 95% is observed at the height level of the Zeppelin station, it can be assumed that the station was inside clouds. This occurred during 29% of the considered cases. The remaining 10% of cases (5 days) refer to cases that are not distinguishable. Thus, the large variations in daily mean scattering coefficient that are measured in summer (Figure 9c ) can most likely be explained by variations in the boundary layer height and RH. Inside clouds the nephelometer measures low values of the scattering coefficient due to the low number of interstitial particles. This is because the majority of the accumulation mode particles form cloud droplets during clean conditions [e.g., Frick and Hoppel, 1993; Noone et al., 1990] . For the remaining days in summer the daily mean scattering coefficient varies substantially from 1 day to another. Thus, the aerosol sampling was probably performed occasionally in a well-mixed MBL and occasionally above the MBL or surface mixed layer.
Dry scattering coefficients measured at the Zeppelin station in July and August 2008 have been transformed to humidified scattering coefficients with respect to vertical profiles of RH. Only cases for which all the RH values below 2 km are lower than 95% are considered here. This is valid for 16 of the total 51 soundings (26% data coverage) for July and August 2008. Table 3 shows that a mean AOT of 0.0044 is obtained for the 2 km layer when vertical gradients in AOT are accounted for. This is only about 30% of the AWI-AOD AOT.
We have demonstrated that satellite and ground-based ambient AOTs, estimated for the lower troposphere in summer, are substantially larger than ambient AOT estimated for the same layer from humidified scattering coefficients. One reason for this is probably vertical gradients in the marine aerosols in the lower troposphere [Clarke et al., 1996; Gong et al., 1997; Glantz et al., 2004; Reid et al., 2006; Textor et al., 2006; Lundgren et al., 2013] . For the Svalbard area in summer, relatively strong vertical gradients in extinction coefficients for sea salt, particulate organic carbon, and sulfate were also simulated with the CAM4-Oslo global climate model. The assumption of a well-mixed MBL of 2 km in the estimation of Arctic AOT from in situ measurements is a very generous assumption [Di Pierro et al., 2013] . However, a comparison of the dry and humidified nephelometer measurements at RH < 40% showed that the dry instrument measured about 28% less than the humidified one at the Zeppelin station. Although some hygroscopic growth may be present even at such low RH, one reason for this discrepancy could be losses in the inlet system for the dry nephelometer, due to longer pathways and a lower volumetric flow of 51 min À1 than the inlet used for the humidified nephelometer [Zieger et al., 2010] .
Summary and Conclusions
AOT derived from measurements of MODIS Aqua over the Arctic Ocean have been compared to ground-based Sun photometer measurements performed at Svalbard. The comparison was based on 9 years (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) of data and the following conclusions have been established:
1. MODIS 555 nm AOTs, for the months April/May and June to the beginning of September, were found to vary within the expected uncertainties of the MODIS retrievals over ocean (ΔAOT = ±0.03 ± 0.05 · AOT) for 62% and 82%, respectively, of the compared cases. 2. Values of R 2 = 0.57 and NRMSD = 40% were found for 642 of satellite and ground-based daily observations in spring and summer, with a majority of AOT values being lower than 0.15. 3. The standard deviation of 0.025 found for the MODIS retrieval for summer background conditions is acceptable compared to the estimated median AOT of 0.040 (Table 2 ).
The latter finding in combination with the good agreement to ground-based measurements for the summer season supports the quantitative results obtained with the MODIS algorithm. This also means that AOT retrieved with the MODIS algorithm over ocean and measured with Sun photometer at Svalbard in summer are representative of a relatively large area around Svalbard. For the spring season, however, the differences found between satellite and ground-based AOT are probably due to diverse air masses that cause heterogeneous aerosol conditions in the Svalbard area.
It can be concluded from this study that satellite and ground-based retrievals of AOT in the Arctic marine atmosphere can be of use for validation of regional and global climate models. The following conclusions have been established when evaluating the NorESM/CAM4-Oslo model and the CMIP5 model ensemble against remote sensing of aerosols in the Arctic:
1. The AOT simulated with CAM4-Oslo does not reproduce the observed seasonal variability of Arctic aerosols. The model overestimates AOT by nearly a factor of 2 for the clean background summer season, while the spring maximum is underestimated. 2. A likely contribution to the deviation in summer is an overestimation of transport of aerosols (particulate organic carbon, sulfate, black carbon, and dust) in the free troposphere from midlatitudes to the Arctic. However, the overestimate in AOT may also be influenced by uncertainties in the modeling of marine organic aerosols. 3. The underestimate of AOT in the spring season, although within 1 standard deviation of the retrieved AOD values, is likely influenced by underestimated meridional transport in the Eurasian-Atlantic sector in the atmospheric model. Missing emissions from flaring and a better seasonal variation of midlatitude emissions from domestic heating are other potential contributors [Sand et al., 2013] . 4. Large differences in AOT of up to 1 order in magnitude are found for the CMIP5 model ensemble for the spring and summer seasons. Several of the CMIP5 models show a weak seasonal variation in AOT that does not agree with the observations. A reverse seasonal cycle occurs for other CMIP5 models.
Results from in situ measurements of dry and wet aerosol scattering coefficient at the Zeppelin mountain station have been discussed to assess their representativeness for the Arctic region and their usefulness for validation of regional and global climate model simulations of aerosol optical properties. Based on the comparisons with remotely retrieved AOT in the ambient atmosphere, the following conclusions have been established: 1. A difference as large as a mean factor of 7 in summer was obtained between satellite/ground-based ambient AOT and AOT estimated from dry nephelometer measurements for the lower troposphere in the Svalbard region. 2. A decoupled marine boundary layer develops occasionally over the ocean area around Svalbard in summer and is likely to cause vertical gradients in marine aerosol mass concentrations and extinction coefficients,
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which are further enhanced by hygroscopic growth. This is in line with the finding of substantially larger satellite and ground-based ambient AOTs (with at least a mean factor of 1.9) estimated for the lower troposphere, compared to estimates based on in situ measurements at the Zeppelin station. Therefore, we conclude that factors such as hygroscopic growth, vertical aerosol gradients, and the frequent occurrence of fog and clouds have crucial effects on the representativeness of aerosol measurements at the Zeppelin station for the Arctic MBL in summer.
In the present study tropospheric AOT has been estimated based on satellite and ground-based remote sensing. A better picture of the optical properties of aerosols in the Arctic marine lower atmosphere can be obtained by adding a Sun photometer to the measurement setup at the Zeppelin mountain station. Such an instrument at the elevated site in combination with other ground-based Sun photometers at Svalbard will be useful to characterize AOT within the lower troposphere. These measurements were originally planned to begin in spring 2013.
